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ABSTRACT	
Proanthocyanidins	(PA)	are	oligomers	and	polymers	of	flavan-3-ol	units,	also	known	as	
condensed	tannins.	The	monomers	include	catechin,	epicatechin,	and	gallic	acid	esters.	They	
have	beneficial	effects	on	several	chronic	diseases	because	of	anti-inflammatory	and	
antioxidant	effects.	These	effects	depend	on	the	degree	of	polymerization	of	PA.	PA	are	natural	
bioactive	compounds	found	in	a	variety	of	foods,	including	barley,	cocoa,	blueberry,	and	
cinnamon.	The	objective	of	this	study	was	to	compare	the	PA	profiles	of	purple,	blue,	and	red	
corn	kernels	after	dry	milling,	wet	milling,	and	dry	grind	processing,	and	to	determine	the	anti-
inflammatory	features	of	PAs	extracted	from	colored	corn.	Among	purple,	blue,	and	red	corn,	
purple	had	the	highest	PA	concentrations.	In	purple	corn,	among	three	processing	methods,	the	
kernel	pericarp	contained	the	highest	concentration	of	PA	in	dry	milling	(43.5	±	2.1	mg	catechin	
equivalent/kg	corn);	steep	water	contained	the	highest	concentration	of	PA	in	wet	milling	
(170.3	±	4.4	mg	catechin	equivalent/kg	corn);	and	DDGS	had	PAs	of	35.05	±	2.5	mg	catechin	
equivalent/kg	corn;	wet	milling	recovered	all	PAs	from	kernel	sample	.	Red	corn	had	lower	
concentrations	of	PAs,	with	19.6	±	0.5	and	33.78	±	3.2	catechin	equivalent/kg	corn	for	pericarp	
and	steep	water,	respectively.	Blue	corn	had	the	lowest	concentration	and	different	distribution	
patterns,	in	which	small	grits	contained	the	highest	concentration	in	dry	milling	(2.82	±	0.31	
catechin	equivalent/kg	corn),	and	gluten	slurry	contained	the	highest	concentration	in	wet	
milling	(13.67	±	0.50	catechin	equivalent/kg	corn).	The	extract	was	passed	through	a	Sephadex	
LH-20	column	to	purify	PA,	analyzed	using	HPLC-ESI-MSMS	and	normal	phase	HPLC	with	
fluorescence	detector.		UPLC-ESI-MSMS	and	normal	phase	HPLC	indicated	the	most	of	PA	from	
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purple	corn	pericarp	have	degrees	of	polymerization	below	10,	which	is	considered	favorable	
for	their	health	benefits.	Biomarkers	of	inflammation	such	as	cyclooxygenase	and	nitric	oxide	
were	tested	using	purified	extracts,	indicated	active	inhibition	effects	on	inflammation.	Purple	
corn	dry	milling	pericarp	PA	inhibited	66%	of	inducible	nitric	oxide	synthase,	and	89%	of	
cyclooxygenase-2.	In	conclusion,	for	the	first	time,	this	study	reports	the	composition	of	PA	
from	colored	corn	kernel	coproducts	from	dry	milling,	wet	milling,	and	dry	grind,	and	the	anti-
inflammatory	effect	from	purple	and	red	corn	pericarp.	
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CHAPTER	1:	INTRODUCTION	
1.1	Overview	
Corn	(Zea	mays)	is	a	large	grain	plant	of	American	origin	and	is	consumed	worldwide	for	
various	purposes.	Most	historians	believe	corn	was	domesticated	in	the	Tehuacan	Valley	of	
Mexico	[1].	Over	time	the	evolutionary	changes	involved	in	many	genes	were	made	to	the	corn,	
influencing	kernel	size,	shape,	and	color.	Corn	is	widely	cultivated	around	the	world,	and	is	the	
most	widely	grown	crop	throughout	the	American	Continent;	it	constitutes	a	vital	food	in	many	
regions	of	the	world.	Figure	1	presents	maps	indicating	the	cultivated	areas	around	the	world	
[2].	Figure	2	shows	the	structure	of	corn	kernel.	
As	an	important	source	of	food,	corn	is	processed	by	several	different	methods,	including	
extrusion,	nixtamalization,	hydrothermal	processing,	dry	milling,	wet	milling,	and	dry	grind	[3],	
[4].	The	processing	methods	used	on	colored	corn	kernel	samples	in	this	project	were	dry	
milling,	wet	milling,	and	dry	grind.	Corn	kernels	were	separated	into	germ,	fines,	large	grits,	
small	grits,	and	pericarp	during	the	dry	milling	process.	In	wet	milling,	corn	kernels	were	
fractionated	into	different	components,	mainly	fiber,	germ	gluten	and	steeped	liquor,	resulting	
in	several	coproducts	[5].	The	corn	dry	grind	process	is	the	most	widely	used	method	in	the	U.S.	
for	generating	fuel	ethanol	by	fermentation	of	grain	[6].	Concentration	of	flavonoids	in	corn	
coproducts	may	vary	due	to	different	processing	methods.	This	project	focuses	on	the	
concentrations	of	proanthocyanidins	from	colored	corn	kernels	after	being	subjected	to	
different	processing	methods.	
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Proanthocyanidins(PAs)	are	polyphenols,	also	known	as	condensed	tannins,	and	are	one	of	
the	most	abundant	phytochemicals	in	plants	[7].	The	chemical	structure	is	shown	in	Figure	3	
[8],	[9].	PAs	can	range	from	dimers	through	large	polymers	and	are	found	in	a	wide	variety	of	
foods,	including	apples,	berries,	chocolate,	red	wines	and	nuts	[10].	Proanthocyanidins	have	
been	reported	to	exert	anti-inflammatory,	anti-bacterial,	anti-viral,	anti-carcinogenic,	anti-
mutagenic,	anti-allergic	and	vasodilatory	bioactivity[11].	However,	the	biological	features	of	
PAs	largely	depend	on	their	structure,	particularly	the	degree	of	polymerization	[12].	Thus,	
there	is	a	need	to	characterize	the	concentration	and	chemical	features	of	PAs	from	colored	
corn	coproducts,	and	their	biological	activity.	This	study	was	designed	to	find	the	relationship	
between	proanthocyanidins	from	colored	corn	kernel	and	inflammation.	Inflammation	is	part	of	
the	complex	biological	response	of	body	tissues	to	harmful	stimuli,	such	as	pathogens,	
damaged	cells,	or	irritants.	Inflammation	can	be	classified	as	acute	inflammation	or	chronic	
inflammation.		Prolonged	inflammation,	and	chronic	inflammation	disorders	are	associated	
with	many	diseases,	such	as	cancer.		
This	study,	for	the	first	time,	investigated	the	PA	characterization	of	purple,	blue,	and	red	
corn	coproducts	after	dry	milling,	wet	milling,	and	dry	grind	processing,	and	their	anti-
inflammatory	bioactivity.	Our	findings	suggested	that	colored	corn	can	promote	health	and	that	
colored	corn	could	be	beneficial	for	human	consumption	as	a	source	of	food	products.	
Our	main	objective	was	to	characterize	and	evaluate	the	health	benefits	of	
proanthocyanidins	from	colored	corn	and	their	bioactivities	after	processing.	The	experimental	
methods	are	summarized	in	Figure	4.	Purple,	blue,	and	red	corn	were	processed	using	dry	
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milling,	wet	milling,	and	dry	grind.	Total	condensed	tannins,	total	phenolics,	and	total	
anthocyanins	were	measured	in	the	coproducts	generated	from	the	various	processing	
protocols.	Proanthocyanidins	were	purified	using	a	preparative	isolation	method	to	obtain	
proanthocyanidins	rich	corn	extracts.	Cyclooxygenase	(COX)	and	inducible	nitric	oxide	(iNOS)	
synthase	were	used	as	biomarkers	to	evaluate	the	anti-inflammatory	potential	of	
proanthocyanidin	extracts	from	colored	corn	coproducts.	We	found	that	purple	corn	had	the	
highest	concentration	of	PA,	followed	by	red	and	blue	corn.	Among	purple	corn	dry	milling	
coproducts,	pericarp	had	the	highest	concentration	of	PA;	while	for	wet	milling,	the	steepwater	
had	the	highest	concentration.	Among	three	different	processing	methods,	wet	milling	
recovered	most	PA	from	the	whole	corn.	The	degree	of	polymerization	of	PA	in	purple	corn	
pericarp	was	lower	in	comparison	with	other	cereals.	With	most	of	them	being	monomers	and	
dimers,	about	36%	of	PA	presented	DP	>	10.	Two	pathways	of	inflammation	including	COX-2	
and	iNOS	were	tested,	showing	a	positive	inhibition	potential	of	purple	corn	pericarp	extract	on	
iNOS	and	COX-2.	iNOS	inhibitory	kinetics	showed	that	fraction	D	from	purple	corn	pericarp	and	
Cyanidin-3-O-glucoside	acted	as	noncompetitive	inhibitors.	
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1.3	Tables	and	figures	
	
Figure	1.	World	corn	area	production.	This	production	map	is	based	on	the	SPAM	data	set	
from	IFPRI	(Harvest	Choice)	but	has	been	aggregated	from	its	original	format	to	better	
represent	important	production	areas.	This	fits	with	national	statistics	from	the	year	2005.	
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	(a)	
	
	
	
	
	
(b)	
				(c)	
Figure	2.	(a)	Structure	of	the	corn	kernel;	(b)	Varieties	of	colored	corn	(c)	structure	of	
purple	and	blue	corn	[13].	
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Figure	3.	Proanthocyanidins	chemical	structures	[8],	[9].	
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• Cycloogxygenase	inhibition	(COX-1	and	COX-2)	
• Inducible	nitric	oxide	synthase	inhibition	(iNOS)	
Figure	4.	Summary	of	experimental	methods
Purple,	blue, and	red	corn
Milling	processes
Wet milling
germ,	fiber,	starch,	steep	
water,	gluten	slurry
Dry	milling
large	grits,	small	grits,	
germ,	fines,	pericarp
Dry	grind
DDGS
Colored	corn	processing	
Coproducts • 1%HCL	in	methanol	extract	for	1h at	room	
temperature
Mixture • Filter
Liquid	
sample
• Vanillin	assay	to measure	total
tannin
HPLC
• Folin-Ciocalteu	method	to	measure	total	
polyphenols	
• pH	differential	assay	to	measure	total	
anthocyanins	
• C-18	column	
• 520nm	and	280nm	
• Reverse	phase	
Chemical	characterization	
Extraction Separation Analysis
• 70%	acetone	
• 2	h	at	room	temperature	
• 2	extractions	
• Sephadex	LH-20	
column	
• Collect	fractions	
• Normal	phase	HPLC	Doil-120-NP	column		
• Reverse	phase	HPLC	C18	column	
• UPLC-ESI-MSMS	
Preparative	isolation	of	proanthocyanidins	
Enzyme	inhibition	of	inflammation	biomarkers	
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Figure	5.	Colored	corn	processing.	
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CHAPTER	2:	LITERATURE	REVIEW	
2.1	Corn	composition	and	processing	
The	major	dominant	chemical	component	of	the	corn	kernel	is	starch,	which	provides	up	to	
72	-	73%	of	the	purple	corn	kernel	weight	[1].	Other	carbohydrates	are	simple	sugars	present	as	
glucose,	sucrose	and	fructose	in	amounts	that	vary	from	1	to	3%	of	the	kernel.	After	starch,	the	
next	largest	chemical	component	of	the	kernel	is	water	(10.8	g/100	g	in	purple	corn),	then	
protein	(8.8	g/100	g	in	purple	corn),	oil,	fatty	acids,	dietary	fiber,	minerals	and	vitamins.	Table	1	
shows	the	basic	report	on	nutrition	values	of	corn	kernel.	In	a	100	g	serving,	maize	kernels	
provide	86	calories	and	are	a	good	source	of	B	vitamins	(10	-	19%	of	the	daily	value),	including	
thiamin,	niacin,	pantothenic	acid	(Vitamin	B5)	and	folate	(USDA	Nutrient	Database	[1]).	Corn	
also	provides	daily	fiber	and	the	essential	minerals,	magnesium	and	phosphorus.		
It	is	also	reported	that	there	are	anthocyanin	regulatory	genes	of	maize	[2].	Thus,	the	
importance	of	cereal	grains	to	the	nutrition	if	millions	of	people	around	the	world	is	widely	
recognized.	The	compositional	characteristics	are	shown	in	Table	1	[3].	
Dry	milling,	wet	milling,	and	dry	grind	are	the	three	corn	processing	methods	used	in	this	
study.	Figure	6,	Figure	7,	and	Figure	8	present	the	processing	process	of	dry	milling,	wet	milling,	
and	dry	grind,	respectively.	Dry	milling	is	a	process	designed	for	recovery	and	purification	of	
corn	products	[4];	wet	milling	is	a	separation	method	of	corn	kernels	into	different	coproducts	
[5];	dry	grind	is	a	processing	method	to	produce	ethanol	from	corn	starch	[6].		
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2.2	Proanthocyanidins	
Proanthocyanidins	(PA),	also	known	as	condensed	tannins,	are	polyphenol	compounds	that	
are	widely	distributed	in	plants.	The	classification	of	polyphenols	is	provided	in	Figure	9.	
Polyphenols	consist	of	flavan-3-ol	units,	characterized	by	B	type	(C4-C6/C4-C8	carbon-carbon	
bonds)		or	A	type	(A	type	PA	generally	possess	an	additional	linkage	between	C2	and	C7)	[7]	
carbon-carbon	bonds	[8].	In	addition	to	these	simple	forms,	there	are	more	complicated	
structures	containing	gallic	acid	esters	or	forms	with	multiple	linkage	[9].	PAs	from	different	
plants	vary	in	the	degree	of	polymerization	(DP).	In	vitro	and	in	vivo	studies	have	shown	that	
PAs	have	a	range	of	biological	properties,	including	anti-inflammatory,	antioxidant,	and	
anticancer	properties	[9]–[11].	PAs	and	their	polymers	have	been	shown	to	prevent	cancer	of	
the	digestive	tract	[12].	The	biological	activities	of	PA	depend	largely	on	the	structure	of	PA,	
such	as	the	monomeric	flavan-3-ol	units,	the	type	of	carbon-carbon	bonds,	and	DP	[13].	PA	
dimers,	trimers,	and	tetramers	can	be	absorbed	in	the	small	intestine	and	utilized	by	the	body,	
while	PA	with	a	DP	of	above	4	are	not	absorbable	because	of	their	large	molecule	size	[14].	
PAs	are	found	in	various	berries,	cereals,	nuts,	legumes,	chocolates,	and	wines	[15].	In	most	
foods,	B-type	PAs	are	the	exclusive	form,	with	exceptions	like	cranberries,	plum,	and	peanuts	
contain	A-type	PAs	[15].	Polymers	are	the	predominant	PAs	in	most	food.	For	instance,	93%	of	
PAs	in	sorghum	[16],	and	over	75%	of	PAs	in	cranberries,	blueberries	and	strawberries	are	
polymers,	respectively	[17].	
The	health	benefits	of	PAs	have	been	recognized	by	various	studies	with	in	vivo	and	in	vitro	
cell,	animal	models.	PA	are	considered	the	most	effective	natural	antioxidants	[2].	There	is	also	
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evidence	from	epidemiological	studies	showing	PA	specifically	protect	against	cardiovascular	
diseases	[18].	It	is	also	reported	that	PAs	can	inhibit	pancreatic	lipase	and	secreted	
phospholipase	A2	in	vitro	[19].	Furthermore,	PA	extracted	from	lotus	seedpods	were	reported	
to	be	of	potential	use	for	treatment	of	learning	and	memory	impairments	caused	by	aging	and	
Alzheimer’s	disease	[20].	PAs	are	highly	bioavailable	and	provide	significantly	greater	protection	
against	damage	due	to	oxidative	stress	than	vitamins	C,	E	and	B-carotene	[21].	Biological	effects	
of	condensed	tannins	in	humans	and	animals	vary	considerably.	Deleterious	effects	of	various	
types	of	tannins	include	reduction	of	food/feed	intake;	formation	of	tannin	complexes	with	
dietary	protein	and	other	food	components;	inhibition	of	digestive	enzymes;	increased	
excretion	of	endogenous	protein;	negative	effect	of	tannin	on	the	digestive	tract,	and	toxicity	of	
absorbed	tannins	or	their	metabolites	[22].	
Due	to	the	large	molecular	weight	and	complex	polymerization,	absorption	and	metabolism	
of	PA	are	different	from	other	small	molecules.	Ou	and	Gu	[14]	concluded	that	PA	dimers,	
trimmers	and	tetramers	can	be	absorbed	in	small	intestine	while	PA	with	a	degree	of	
polymerization	over	4	are	not	absorbable	because	of	their	large	molecular	size.	They	also	
pointed	out	that	the	absorption	rate	of		PA		dimers	is	5-10%	of	that	of	epicatechin	[14].	A	dimer,	
trimer,	and	tetramer	are		chemical	structures	containing	two	three,	and	four	similar	sub-units,	
respectively.	PAs,	galloylated	tea	catechins,	and	anthocyanins	are	minimally	absorbed	
polyphenols	[23].		In	vitro	and	animal	studies	confirmed	that	polymerization	greatly	impairs	
intestinal	absorption	[24],	[25].	However,	health	effects	of	PA	may	not	require	efficient	
absorption	through	the	gut;	they	may	have	a	direct	effect	on	the	intestinal	mucosa	[23].	Direct	
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actions	of	PA	themselves	may	not	provide	bioactivities,	but	may	rather	be	attributed	to	their	
produced	metabolites.	The	majority	of	PAs	reach	the	colon	intact	and	are	degraded	into	
phenylvalerolactones	and	phenolic	acids	by	the	colon	microbiota.	These	microbial	metabolites	
may	contribute	to	the	health	promoting	properties	of	PA	in	vivo	[14]. 	
2.3	Inflammation	
The	project	aims	to	find	the	relationship	between	PA	from	colored	maize	and	inflammation.	
Inflammation	is	part	of	the	complex	biological	response	of	body	tissues	to	harmful	stimuli,	such	
as	pathogens,	damaged	cells,	or	irritants.	Inflammation	can	be	classified	as	acute	inflammation	
or	chronic	inflammation.	Prolonged	inflammation	and	chronic	inflammation	disorders	are	
associated	with	many	diseases,	such	as	cancer.	This	is	the	reason	why	anti-inflammation	is	very	
vital	to	human	health.	Shao	and	Bao	[2]	concluded	that	insoluble	phenolic	acid,	including	
proanthocyanidins,	could	have	effects	on	preventing	colon	cancer,	as	well	as	anti-inflammation.	
Similarly,	it	is	reported	that	proanthocyanidins	have	biological	effects	of	antioxidant	and	radical	
scavenging	activities,	contributing	to	anti-inflammatory	bioactivity	[26].	As	for	the	mechanisms	
of	anti-inflammation,	free	radical	scavenging	properties	demonstrated	high	antioxidant	ability,	
which	results	in	anti-inflammation	[26].	Although	one	study	focused	on	the	prevention	of	
cancer,	and	another	study	focused	on	the	antioxidant	ability,	both	studies	include	the	point	
that	proanthocyanidins	have	anti-inflammatory	activity.	Thus,	dietary	sources	like	blueberries,	
red	grapes	and	cocoa	are	recommended	to	increase	proanthocyanidins	intake,	resulting	in	anti-
inflammation	in	human	body.	Anthocyanins	and	proanthocyanidins	protect	against	
inflammation	in	several	ways.	Firstly,	they	are	associated	with	altered	inflammatory	cytokine	
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expression	[27].	Secondly,	they	limit	the	expression	of	adhesion	molecules	on	endothelial	cells	
[28].	
There	are	several	enzymes	used	as	biological	markers	to	measure	inflammation,	including	
interleukin	family,	inducible	nitric	oxide	synthase	(iNOS),	and	cyclooxygenase	(COX).	This	study	
focused	mainly	on	iNOS	and	COX-2.	Figure	10	shows	the	roles	of	iNOS	and	COX-2	in	
inflammation	[29].	Nitric	oxide	is	generated	via	the	oxidation	of	the	terminal	guanidine	nitrogen	
atom	of	L-arginine	by	NOS.	There	are	three	isoforms	of	NOS:	constitutive	NOS	(cNOS),	
neuronal-derived-NOS	(nNOS),	and	inducible	NOS	(iNOS)	[30].	The	cNOS	and	nNOS	are	required	
for	multiple	cell	functions,	while	the	iNOS	isoform	is	expressed	in	response	to	inflammatory	
stimuli	[29].	In	the	COX	pathway,	the	prostaglandins	(PGs)	are	formed	by	the	action	of	pG	
synthase	in	a	two-step	conversion	of	arachidonic	acid,	in	which	COX	acts	as	a	key	enzyme.	In	
inflammatory	processes,	the	inducible	isoform	of	cyclooxygenase	(COX-2)	is	expressed	in	many	
cells.	Thus,	selective	inhibition	of	COX-2	is	anti-inflammatory	and	inhibits	nociception	[31],	[32].	
In	summary,	there	is	a	potential	that	proanthocyanidins	from	colored	corn	coproducts	could	
have	anti-inflammatory	effects.	Thus,	the	chemical	characterization	and	anti-inflammatory	
properties	of	proanthocyanidins	from	colored	corn	coproducs	was	the	main	goal	of	this	study.	
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2.5	Tables	and	figures	
Table1.	Compositional	characteristics	of	varieties	of	corn	[3]	
Corn	variety	 Compositional	characteristics	(%,	dry	basis)	
	 Starch	 Crude	protein	content	
Crude	oil	
content	
Neutral	detergent	
fiber	
Purple	corn	 63.41	±	0.17	c	 10.31	±	0.20	b	 4.74	±	0.03	b	 9.44	±	0.18	a	
Blue	corn	 66.54	±	0.12	b	 11.16	±	0.08	a	 5.69	±	0.04	a	 9.70	±	0.04	a	
Yellow	dent	corn	 75.21	±	0.21	a	 8.44	±	0.04	c	 3.28	±	0.01	c	 8.03	±	0.17	b	
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Figure	6.	Process	of	dry	milling.	[4]	
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Figure	7.	Process	of	wet	milling.	[5]	
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Figure	8.	Process	of	dry	grind.[6]	 	
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Figure	9.	Classification	of	polyphenols.	 	
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Figure	10.	Roles	of	iNOS	and	COX-2	in	inflammation.	
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CHAPTER	3:	HYPOTHESIS	AND	OBJECTIVES	
3.1	Hypothesis	
Processing	methods	have	an	effect	on	the	concentration	and	type	of	proanthocyanidins	
from	colored	corn	and	affect	biochemical	markers	of	inflammation.	
3.2	Objectives	
	To	evaluate	the	effect	of	milling	characteristics	of	purple,	blue,	and	red	corn	and	to	
compare	the	concentration	and	type	of	PA	in	various	coproducts	from	wet	milling,	dry	milling,	
and	dry	grind	processes.	Furthermore,	to	evaluate	the	anti-inflammatory	effect	of	purple	and	
red	corn	pericarp	by	assessing	cyclooxygenase-2	and	inducible	nitric	oxide	synthase	activities	
using	biochemical	assays.	
3.3	Specific	objectives	
Ø To	quantify	and	characterize	proanthocyanidins	from	colored	corn	varieties	and	
coproducts	after	dry	milling,	wet	milling,	and	dry	grind;	
Ø To	determine	the	degree	of	polymerization	of	proanthocyanidins	from	colored	corn	
coproducts;	
Ø To	evaluate	the	effect	of	proanthocyanidins	to	biochemical	markers	related	to	
inflammation	from	colored	corn	coproducts.	
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CHAPTER	4:	CHEMICAL	CHARACTERIZATION	OF	PROANTHOCYANIDINS	IN	
PURPLE,	RED,	AND	BLUE	CORN	AFTER	DIFFERENT	MILLING	PROCESSES	AND	THEIR	
ANTI-INFLAMMATORY	PROPERTIES	
4.1	Abstract	
Colored	corn	cultivars	are	drawing	attention	as	economically	viable	sources	of	polyphenolic	
pigments,	which	may	be	used	as	a	replacement	of	synthetic	food	dyes.	Ingestion	of	
polyphenolic	compounds	is	also	associated	with	potential	health	benefits.	Proanthocyanidins	
(PA)	are	oligomeric	and	polymeric	flavonoids.	The	objective	was	to	evaluate	the	effect	of	dry	
milling,	wet	milling	and	dry	grind	processing	procedures	on	the	characteristics	of	purple,	blue,	
and	red	corn	coproducts	and	compare	the	concentration	and	type	of	PA	from	these	three	
milling	processes,	and	to	evaluate	their	anti-inflammatory	potential	using	biochemical	assays.	
The	highest	PA	concentrations	were	detected	in	purple	corn	coproducts.	In	the	wet	milling	
process,	steepwater	contained	the	highest	concentration	of	PA,	170.3	±	4.4	g	catechin	
equivalents,	eq/kg	of	corn	on	dry	weight	basis	(db)	followed	by	gluten	slurry.	In	dry	milling,	
pericarp	contained	the	highest	concentration	(43.5	±	2.1	g	catechin	eq/kg	corn	db),	followed	by	
small	grits	and	large	grits.	Total	PA	recovered	in	wet	milling	were	higher	(204.3	±	6.2	g	catechin	
eq/kg	corn	db)	compared	to	dry	milling	coproducts	(91.0	±	8.5	g	catechin	eq/kg	corn	db).	PA	
degree	of	polymerization	was	below	10.	PA	from	purple	corn	demonstrated	anti-inflammatory	
effects	inhibiting	66%	of	inducible	nitric	oxide	synthase	and	89%	of	cycloogygenase-2	activities.	
	 This	chapter	is	part	of	the	publication:	Chen	C,	Somavat	P,	Singh	V,	de	Mejia	EG	(2017).	Chemical	
characterization	of	proanthocyanidins	in	purple,	blue,	and	red	corn	coproducts	from	different	
milling	processes	and	their	anti-inflammatory	properties.	Ref	No.	INDCRO-D-17-01318	(submitted)	
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4.2	Introduction	
Proanthocyanidins	(PA)	belong	to	a	broad	class	of	polyphenols	also	called	condensed	tannins	
and	are	one	of	the	most	abundant	types	of	phytochemicals	in	plants	[1].	They	comprise	a	group	
of	flavan-3-ol	oligomers	and	polymers	linked	by	carbon-carbon	bonds	between	flavonol	
subunits	[2].	PA	are	classified	into	monomers,	dimers,	trimers,	tetramers,	oligomers	and	
polymers	according	to	their	degree	of	polymerization	(DP)	[1].	The	biological	activities	of	PA	are	
largely	dependent	on	the	chemical	structure	of	the	monomeric	flavan-3-ol	units,	the	type	of	
inter	flavan	bonds,	and	the	DP	[3].	PA	ranging	from	dimers	to	large	polymers	are	found	in	a	
variety	of	foods,	including	apples,	berries,	chocolate	and	cinnamon	[4],	[5].		Corn	predominantly	
contains	insoluble	bound	phenolic	acids	[6].	PA	are	considered	among	the	most	effective	
natural	antioxidants	[7].	In	vitro	and	in	vivo	studies	have	shown	that	PA	possess	various	
biological	properties,	including	free	radical	scavenging,	anti-ulcer,	anti-allergy,	anti-
inflammation,	and	anti-tumor	activities	[1],	[8].	PA	from	grape	seeds	are	highly	bioavailable	and	
provide	even	greater	protection	against	cell	damage	due	to	oxidative	stress	than	vitamins	C,	E	
and	β-carotene	[9].		
Based	on	their	large	molecular	weight	and	complex	polymerization,	absorption	and	
metabolism	of	PA	are	different	compared	to	other	smaller	molecules.	Ou	and	Gu	[10]	
concluded	that	PA	dimers,	trimers,	and	tetramers	can	be	absorbed	in	the	small	intestine,	while	
PA	with	a	DP	above	4	may	remain	unabsorbed	due	to	their	large	molecular	sizes.	They	also	
pointed	out	that	the	absorption	rate	of	PA	dimers	is	5-10%	of	that	of	epicatechin.	Polymeric	PA	
are	not	readily	absorbed	in	the	gut.	In	vitro	and	animal	studies	confirmed	that	polymerization	
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greatly	impairs	intestinal	absorption	[11],	[12].	However,	health	benefits	of	PA	may	not	require	
efficient	absorption	in	the	gut;	they	may	have	a	direct	effect	on	the	intestinal	mucosa	[13].	The	
majority	of	PA	that	reach	the	colon	are	degraded	into	phenolic	acids	by	colon	microbiota;	these	
microbial	metabolites	may	contribute	to	the	health-promoting	properties	of	PA	in	vivo	[10].	
Maize	or	Indian	corn	(Zea	mays	L.)	is	a	plant	of	New	World	origin	and	is	consumed	
worldwide	[14].	Apart	from	conventional	yellow	corn,	there	are	colored	varieties	such	as	blue,	
purple	and	red	corn	which	contain	polyphenolic	compounds.	Corn	processing	protocols	include	
extrusion,	nixtamalization,	dry	milling,	wet	milling,	and	dry	grind	processes	among	others	[15],	
[16].	The	concentration	of	flavonoids	in	coproducts	may	vary	due	to	genetics	and	processing	
methods	and	these	attributes	may	be	utilized	in	recovering	pigments	from	colored	corn	with	
potential	processing	coproducts	economic	advantages	[17].	Hydrothermal	processing	decreases	
the	concentration	of	soluble	phenolic	and	flavonoid	compounds	in	rice,	especially	anthocyanins	
in	purple	bran	rice	and	PA	in	red	bran	rice	[18].		
Recently,	colored	corn	is	drawing	considerable	interest	as	potentially	economical	source	of	
anthocyanins,	which	may	be	used	as	a	replacement	of	synthetic	FD&C	Red	40	dye	in	food	and	
beverages	(Wang	et	al.,	2016).	Somavat	et	al.	(2016)	compared	dry	milling,	wet	milling,	and	dry	
grind	characteristics	of	purple	and	blue	corn	with	yellow	dent	corn	to	test	their	suitability	for	
conventional	corn	processing	industry.	The	yield	and	distribution	of	anthocyanins	in	purple	and	
blue	corn	coproducts	from	three	processes	was	studied	and	it	was	found	that	corn	processing	
can	generate	coproducts	with	relatively	higher	pigment	concentrations	[17].		
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There	is	a	need	to	understand	the	chemical	composition	and	yield	of	PA	in	different	
coproducts	from	colored	corn	processing.	Therefore,	this	research	was	designed	to	evaluate	the	
effect	of	milling	characteristics	of	purple,	blue,	and	red	corn	and	to	compare	the	concentration	
and	type	of	PA	in	various	coproducts	from	wet	milling,	dry	milling,	and	dry	grind	processes.	
Furthermore,	the	anti-inflammatory	effect	of	purple	and	red	corn	pericarp	was	assessed	
evaluating	cyclooxygenase-2	(COX-2)	and	inducible	nitric	oxide	synthase	(iNOS)	activities	by	
biochemical	assays.	
4.3	Material	and	methods	
4.3.1	Materials	
Purple	corn	(Zea	mays	L.)	was	procured	from	specialty	foods	vendor	Angelina’s	Gourmet	
(Swanson,	CT).	Jerry	Peterson	blue	organic	corn	(Zea	mays	var.	saccharata)	was	purchased	from	
Johnny’s	Selected	Seeds	(Fairfield,	ME).	Red	corn	(Apache	Sunrise	variety)	was	purchased	from	
Siskiyou	Seeds	(Williams,	OR)	and	only	bright	red	kernels	(about	40%)	were	manually	picked	for	
processing.	Purple,	blue,	and	red	corn	were	processed	in	duplicate	using	adapted	laboratory	
scale	wet	milling	(Eckhoff	et	al.,	1996),	dry	milling	(Rausch	et	al.,	2009)	and	dry	grind	processes	
(Somavat	et	al.,	2016)	and	coproducts	were	generated.	Moisture	content	of	purple,	blue,	and	
red	corn	was	14.0,	16.3	and	13.7%,	respectively.	Corn	was	cleaned	by	using	a	12/64”	(4.8	mm)	
screen	and	broken	corn	and	foreign	material	were	removed.	Corn	kernel	moisture	content	for	
wet	milling	was	determined	using	103°C	air	oven	method	(approved	Method	44-15A,	AACC	
International	2010).	Corn	flour	moisture	content	for	dry	grind	process	was	determined	with	an	
air	oven	at	135°C	for	2	h	(approved	Method	44-15A,	AACC	International	2010).	Kernel	moisture	
	32	
	
content	for	the	dry	milling	was	measured	using	an	electronic	measurement	device	(GAC	II,	
Dickey-John,	Auburn,	IL).	Moisture	content	of	wet	milling	coproducts	was	measured	using	a	two	
stage	oven	method.	Fractions	were	oven	dried	overnight	at	49°C	and	moisture	content	of	dried	
samples	determined	using	an	air	oven	at	135°C	for	2	h	(Approved	Method	44-19,	AACC	
International	2010).	The	coproduct	moisture	content	from	dry	milling	and	dry	grind	process	was	
measured	using	an	air	oven	at	135°C	for	2	h	(Approved	Method	44-15A,	AACC	International	
2010)		
The	solid	coproducts	were	ground	using	a	coffee	grinder	(Mr.	Coffee	IDS55)	and	passed	
through	a	35-US	mesh	sieve	(particle	size:	500	microns)	while	liquid	samples	were	analyzed	as	
such.	The	samples	were	kept	in	air-tight	containers	at	-20	°C	until	analysis.	Vanillin	(99%	purity)	
and	catechin	(98%	purity)	were	purchased	from	Sigma-Aldrich	(St.	Louis,	MO).	Procyanidin	B1	
(purity	³	90%,	HPLC	grade)	analytical	standard	was	purchased	from	Sigma-Aldrich.	Chemicals	
used	for	extractions	were	all	AC	and	HPLC	grades	and	were	purchased	from	Sigma-Aldrich	(St.	
Louis,	MO),	Fisher	Scientific	(Pittsburgh,	PA)	or	EM	SCIENCE	(Gibbstown,	NJ).	
4.3.2	Measurement	of	total	condensed	tannins	
Figure	11	presents	the	flow	chart	of	different	processes	and	analytical	methods	used.	Purple,	
red,	and	blue	corn	samples	were	processed	by	wet	milling,	dry	milling	and	dry	grind	processes	
[19].	Wet	milling	coproducts	included	starch,	fiber,	germ,	gluten,	steepwater,	and	gluten	slurry.	
Dry	milling	coproducts	analyzed	were	large	grits,	small	grits,	fines,	germ,	and	pericarp.	Dry	grind	
coproduct	included	only	distiller’s	dried	grains	with	solubles	(DDGS),	a	nutrient	rich	residue	of	
ethanol	production.	Condensed	tannins	were	extracted	from	ground	corn	coproducts	using	1%	
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HCl	in	methanol.	Extraction	was	performed	by	stirring	the	mixture	(300	rpm)	at	room	
temperature	for	1	h	with	a	liquid-solid	ratio	of	10:1.	After	extraction,	the	mixture	was	filtered	
using	Whatman	no.	1	filter	paper	and	total	condensed	tannins	were	measured	by	the	vanillin	
assay	[20].	Briefly,	samples	were	diluted	as	needed	using	100%	methanol;	50	µL	of	diluted	
samples	were	transferred	to	a	96	well	plate	and	200	µL	of	1:1	(8%	HCl	:	1%	vanillin)	were	added	
to	each	sample.	The	absorbance	was	read	at	500	nm	using	a	multi	well	plate	reader	(BioTek,	
Winooski,	VT).	Catechin	was	used	as	a	standard	to	report	results	as	mg	catechin	equivalent,	eq	
/g	dry	basis	(db)	coproduct	and	g	catechin	equivalent	per	kg	of	corn	db.	A	standard	curve	of	
y=0.1607x+0.0396	(R2	=	0.999)	was	determined	by	using	a	range	of	catechin	concentrations.		
4.3.3	Measurement	of	Total	Phenolic	(TP)	Concentration	
Total	phenolic	concentration	was	quantified	using	the	Folin-Ciocalteu	method	[21]	adapted	
by	Chandra	and	de	Mejia	[22].	Briefly,	1	mL	of	1	N	Folin-Ciocalteu	reagent	was	added	to	a	1	mL	
sample	and	this	mixture	was	allowed	to	stand	for	2-5	min	before	the	addition	of	2	mL	20%	
Na2CO3.	The	solution	was	then	allowed	to	stand	for	10	min	before	reading	at	690	nm	using	a	
multi	well	plate	reader	(BioTek,	Winooski,	VT).	Samples	obtained	as	described	for	total	tannins	
and	diluted	as	needed	were	tested.	Results	were	reported	as	mg	gallic	acid	eq	/g	of	coproduct	
db	and	g	gallic	acid	eq	/per	kg	of	corn	db.	The	concentrations	of	total	polyphenols	were	
calculated	using	a	standard	curve	of	y	=	17.448	+	0.0735	(R2	=0.999).	
4.3.4	Measurement	of	total	anthocyanin	concentration	
Total	ANCs	from	extract	were	determined	using	the	AOAC	Official	Method	adapted	from	Lee	
et	al.[23]	for	microassay	[24].	Corn	coproduct	extracts	described	for	total	condensed	tannin	
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measurement	were	diluted	as	needed	with	two	buffers	(pH	1.0,	KCl	buffer	and	pH	4.5,	sodium	
acetate	buffer).	Diluted	solutions	at	each	pH	were	transferred	to	a	96	well	plate	and	
absorbance	was	read	at	520	and	700	nm	on	a	Synergy	2	multi	well	plate	reader	(BioTek,	
Winooski,	VT).	The	total	ANCs	were	expressed	as	C3G	equivalents	in	milligram	per	liter	using	
the	equation	below:	
Total	monomeric	anthocyanins	(!"# ) = &×()×*×+,,,-×.#×,.01 	
Where:	A	=	(A520-A700)	at	pH1.0	–	(A520-A700)	at	pH4.5;	MW	=	449.2	g/mol	for	C3G;	D	=	dilution	
factor;	PL	is	the	constant	at	path	length	1	cm;	2	is	26900	L/mol	cm,	the	molar	extinction	
coefficient	for	C3G;	and	1000	as	the	conversion	factor	from	gram	to	milligram;	and	0.45	as	the	
conversion	factor	from	the	established	method	to	the	plate	reader	method.	Results	were	
reported	as	mg	C3G	eq	/g	of	coproduct	db	and	g	C3G	eq	/per	kg	of	corn	db.	
4.3.5	HPLC	reverse	phase	analysis		
HPLC	analysis	of	samples	to	obtain	the	phenolic	compounds	and	anthocyanins	profiles	was	
performed	using	a	Hitachi	HPLC	system	(Hitachi	High	Technologies	America,	Inc.,	Schaumburg,	
IL)	equipped	with	a	520	nm,	320	nm,	and	280	nm	UV	detector,	and	L-7100	pump.	The	protocol	
was	modified	from	a	previously	reported	protocol	[19].	The	flow	rate	was	1	mL/min	and	the	
gradient	used	was	from	2%	formic	acid	in	water	and	0%	acetonitrile	to	40%	acetonitrile	in	a	
linear	fashion	using	a	Grace	Prevail	C18	column	(5	µm,	250	×	4.6	mm,	Columbia,	MD)	for	30	
min.	The	injection	volume	was	20	µL.	Each	sample	was	run	in	triplicate.	
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4.3.6	Preparative	isolation	of	proanthocyanidins	(PA)	
Extraction	process	was	modified	from	a	previous	reported	method	[25].	Coproduct	powder	
(1	g)	was	added	to	10	mL	of	70%	acetone	in	water	and	stirred	for	2	h	at	room	temperature.	
After	centrifuging	at	2980	rpm	for	10	min,	the	supernatant	was	collected	and	a	sequential	
extraction	was	performed	one	more	time.	The	supernatant	from	two	extractions	was	combined	
and	dried	using	Rotavapor	R-210	(BUCHI	Corporation,	New	Castle,	DE).	The	solid	was	
reconstituted	in	10	mL	of	water.	A	series	of	injections,	each	containing	2	mL	extract	were	
injected	to	a	gel	filtration	column	(30	cm	×	10	mm,	13	µm	average	particle	size)	packed	with	
Sephadex	LH-20.	Peaks	were	detected	using	GE	AKTA	prime	plus	system	(GE	Healthcare	Life	
Sciences,	Pittsburgh,	PA)	at	280	nm.	The	sample	was	eluted	with	30%	of	methanol	followed	by	
70%	acetone.	The	flow	rate	was	1	mL/min.	Fractions	were	collected	every	8	min	and	combined	
together	according	to	the	peaks	detected.	Fractions	A-D	were	eluted	by	30%	of	methanol	and	
fraction	E	was	eluted	by	70%	acetone.	All	the	eluted	fractions	were	dried	using	a	rotary	
evaporator	and	reconstituted	in	1	mL	of	DI	water.		
4.3.7	HPLC-ESI-MSMS	analysis	
The	method	used	for	identification	of	compounds	was	adapted	from	Johnson	et	al.	[24].	
Analysis	was	conducted	on	a	1200	HPLC	(Agilent	Technologies,	Santa	Clara,	CA)	using	a	Waters	
Sunfire	3.5µm	C-18	column	(100	*	2.1	mm)	(Waters	Cooperation,	Milford,	MA).	The	ionization	
mode	was	ES-.	Samples	were	prepared	by	dissolving	1	mg	freeze	dried	fractions	in	1	mL	of	
water,	and	filtered	through	0.2	3M	PTFE	syringe	filters	(Fisher	Scientific)	before	injection.	The	
mobile	phase	contained	95%	of	H2O:	5%	of	ACN	with	0.1%	formic	acid	(A)	and	of	95%	ACN:	5%	
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H2O	with	0.1%	formic	acid	(B).	The	flow	rate	was	400	3L/min	with	a	step	gradient	of	0%,	5%,	
30%,	60%,	90%,	and	0%	of	solvent	B	at	0,	5,	40,	45,	50,	and	55	min,	respectively.	The	PDA	
detector	wavelength	was	280	nm	and	the	injection	volume	was	10	3L.	
4.3.8	HPLC	with	fluorescence	detector	to	determine	PA	degree	of	polymerization	
The	method	employed	was	adapted	from	Langer	et	al.	[26].	The	condensed	tannin	profile	
was	determined	by	Thermo	Scientific	Ultimate	3000	using	a	Doil-120-NP	column	(ymc-pack,	150	
´	3.0	mm,	5	µm	particle	size,	Phenomenex,	UK),	running	chromeleon	7.2	SR3	7553	software.	
The	profile	was	determined	by	a	HIPIC	mode.	The	mobile	phase	was	acetic	acid	(A)	in	
acetonitrile	(2:98)	and	acetic	acid	(B)	in	methanol	and	water	(2:95:3);	column	temp,	35	°C. 
Flow rate was 0.7 mL/min. The elution gradient (b) in the 83 min run rime was: 0-3 min, 0% 
isocratic; 3-57 min, 0-40%; 57-60 min, 40-100%, 60-67 min, 100% isocratic; 67-73 100-0%; 73-
83 min, 0%. Excitation and emission wavelengths were 230 nm and 321 nm, respectively. 
Catechin and procyanidin B1 were used as standards. Identification of PA with DP greater than 3 
was extrapolated based on procyanidin C1 (trimer) peak response as described by Ojwang et al. 
[27]. 
4.3.9	COX-2	inhibitor	screening	test	
COX-2	inhibitor	screening	test	were	conducted	on	PA	fractions	to	evaluate	the	anti-
inflammatory	effects.	Prostaglandins	were	measured	by	a	COX-2	(ovine/human)	inhibitor	
screening	assay	kit	(Cayman	Co.,	St.	Louis,	MO)	according	to	manufacturer’s	instructions.	In	
brief,	PGF24	was	produced	by	SnCl2	reduction	of	COX-derived	PGH2	in	the	COX	reaction.	The	
prostanoid	product	was	quantified	via	enzyme	immunosorbent	assay	(ELISA)	using	a	broadly	
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specific	antiserum	that	binds	to	all	the	major	prostaglandin	compounds.	Both	ovine	COX-1	and	
human	recombinant	COX-2	enzymes	were	tested	separately	in	this	assay.	PA	fraction	E,	after	
Sephadex	LH-20	separation,	was	used	to	test	COX-2	inhibition	with	concentrations	varying	from	
0.1	mg/mL	to	10	mg/mL.		
4.3.10	iNOS	inhibition	test	
Nitric	oxide	synthase	(NOS)	inhibitor	screening	kit	(Fluorometric)	(Biovision,	Milpitas,	CA)	
was	used.	Nitric	oxide	(NO)	is	a	molecule	that	plays	a	key	role	in	the	pathogenesis	of	
inflammation	and	is	considered	as	a	pro-inflammatory	mediator	[28].	iNOS	inhibition	test	was	
conducted	on	the	fractions	to	evaluate	the	anti-inflammatory	potential	through	iNOS	pathway.	
The	substrate	was	catalyzed	by	nitric	oxide	synthase;	therefore,	NO	was	produced	and	detected	
by	fluorescence.	The	excitation	and	emission	wavelengths	were	360	and	450	nm,	respectively.	
In	the	presence	of	an	iNOS-specific	inhibitor,	the	formation	of	NO	was	reduced,	resulting	in	
decreased	fluorescence.	Fractions	of	purple	and	red	corn	were	used	as	potential	inhibitors.	
Different	concentrations	of	inhibitors	were	used	and	the	final	five	concentrations	in	the	wells	
ranged	from	1.47	to	14.71	µg/mL.	
4.3.11	iNOS	inhibitory	kinetics	study	
This	method	was	adapted	from	nitric	oxide	synthase	(NOS)	inhibitor	screening	kit	
(Fluorometric)	(Biovision,	Milpitas,	CA).	NO	was	measured	at	excitation	and	emission	
wavelengths	of	360	and	450	nm,	respectively.	The	inhibitors	used	were	C3G	(%)	and	purple	corn	
fraction	D;	purple	corn	fraction	D	had	the	best	inhibition	potential	in	previous	tests.	Three	
concentrations	of	each	inhibitor	(0.1,	0.5	and	1	mg/mL)	were	used	at	3	substrate	levels	(1x,	
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0.5x,	0.25x,	1	x	was	the	original	concentration	of	the	substrate	available,	and	the	others	were	
the	dilutions	from	this	concentration).	The	inhibition	of	iNOS	was	measured	by	comparing	the	
amount	of	NO	produced	in	the	presence	of	inhibitor	with	the	control	background	having	no	
inhibitor.	The	inhibition	pattern	was	determined	using	the	Lineweaver-Burk	kinetics	model	[29].	
4.3.12	Statistical	analysis	
Coproduct	yield	data	were	analyzed	using	analysis	of	variance	(ANOVA)	and	Fisher’s	least	
significant	difference	(LSD)	were	conducted	using	SAS	9.4	(SAS	Institute,	Cary,	NY).	Remaining	
data	were	analyzed	using	ANOVA	to	compare	statistical	differences	with	JMP	version	8.0.	
Comparison	among	groups	was	performed	using	Tukey	test,	and	the	differences	were	
considered	significant	at	p	<	0.05.	
4.4	Results	and	discussion	
4.4.1	Milling	characteristics	of	colored	corn	
The	milling	coproduct	yields	for	purple,	blue,	and	red	corn	are	summarized	in	Figure	12.	In	
wet	milling	process	mean	starch	yields	for	three	corn	cultivars	ranged	between	61.2	to	61.8%	
(db)	and	were	lower	compared	to	conventional	yellow	dent	corn	[30],	[31].	Gluten	slurry	and	
steepwater	yields	were	higher	for	purple	and	blue	corn	compared	to	the	red	corn.	Germ	yield	
was	highest	for	blue	corn	(7.9%	db)	while	purple	and	blue	corn	yielded	highest	fiber	(14.3%	db).	
In	dry	milling	process,	large	grit	yields	varied	from	21.8	to	27.9%	(db)	for	purple	and	red	corn,	
respectively	(Figure	12).	Rausch	et	al.,	(2009)	[32]	reported	mean	large	grits	yield	of	39.2%	(db)	
for	11	yellow	corn	hybrids.	Small	grits	yield	was	highest	for	red	corn	and	fines	yield	was	highest	
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were	higher	for	purple	and	blue	corn	compared	to	red	corn.	All	three	corn	types	had	a	softer	
endosperm	composition.	In	dry	grind	process,	after	72	h	fermentation,	the	final	ethanol	
concentrations	for	colored	corn	varied	from	14.3	to	15.6%	(v/v)	for	blue	and	red	corn,	
respectively	(Figure	12).	DDGS	yields	were	highest	for	purple	and	lowest	for	red	corn,	the	
values	being	41.7	and	36.1%	(db),	respectively.	Compared	to	yellow	dent	corn,	final	ethanol	
concentrations	for	colored	corn	were	1.6	to	2.9%	(v/v)	lower	while	DDGS	yields	were	3.2	to	
8.8%	(db)	higher	[31].		
4.4.2	Chemical	characterization	of	colored	corn	coproducts	
Among	the	three	colored	corn	tested,	purple	corn	had	the	highest	total	condensed	tannin	
concentration,	followed	by	the	red	and	blue	corn.	For	purple	corn	processed	by	wet	milling	
(Table	2),	steepwater	contained	the	highest	amount	of	PA	(170.3	±	4.4	g	catechin	eq/kg	corn	
db)	followed	by	gluten	slurry	(31.3	±	1.6	g	catechin	eq/kg	corn	db)	(p	<	0.05).	Other	wet	milling	
coproducts	including	fiber,	germ,	and	starch	had	very	low	PA	concentrations	(1.6	±	0.2,	0.7	±	
0.1,	and	0.4	±	0.1	g	catechin	eq/kg	corn	db,	respectively).	In	the	dry	milling	process,	pericarp	
contained	the	highest	concentration	of	PA	(43.5	±	2.1	g	catechin	eq/kg	corn	db),	followed	by	
small	grits	(24.3	±	1.0	g	catechin	eq/kg	corn	db)	and	large	grits	(10.5	±	0.3	g	catechin	eq/kg	corn	
db).	Germ	and	starch	contained	only	0.7	±	0.1	and	0.4	±	0.1	g	catechin	eq/kg	corn	db,	
respectively.	Therefore,	the	highest	concentration	of	PA	in	wet	milling	and	dry	milling	were	in	
steepwater	and	pericarp,	respectively.	The	total	amount	of	PA	recovered	from	wet	milling	was	
204.3	±	6.2	g	catechin	eq/kg	corn	db,	in	comparison	to	the	total	PA	from	dry	milling	coproducts	
(91.0	±	8.5	g	catechin	eq/kg	corn	db)	and	dry	grind	(35.1±	2.5	g	catechin	eq/kg	corn	db).	
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Steepwater	in	wet	milling	accounted	for	most	of	the	total	PA.	In	dry	milled	red	corn,	pericarp	
contained	most	of	the	total	PA	(129.4	±	13.5	g	catechin	eq/kg	corn	db).	The	pH	differential	
method	was	also	used	to	determine	the	total	PA	from	purple	corn	dry	milling	coproducts	and	
results	are	presented	in	Figure	21	and	there	were	similar	PA	distribution	percentages	in	both	
pH	differential	and	the	vanillin	method,	suggesting	another	possible	method	for	the	
determination	of	PA.		
For	dry	milled	blue	corn	(Table	3),	small	grits	and	pericarp	contained	the	highest	amount	of	
PA,	2.8	±	0.3	g	catechin	eq/kg	corn	db	and	1.8	±	0.2	g	catechin	eq/kg	corn	db,	respectively.	In	
wet	milling	process,	gluten	slurry	contributed	the	most	of	the	total	PA	(13.7	±	0.5	g	catechin	
eq/kg	corn	db).	Red	corn	pericarp	and	steepwater	had	the	highest	concentration	of	PA	(15.8	±	
0.7	g	catechin	eq/kg	corn,	32.9	±	2.1	g	catechin	eq/kg	corn	db)	for	dry	milling	and	wet	milling	
processes,	respectively.		
The	distribution	of	PA	in	purple	and	red	corn	demonstrated	a	similar	pattern,	while	it	was	
different	for	blue	corn.	This	variation	could	be	attributed	to	genetic	differences	in	corn	used	
[ref].	Three	consecutive	extractions	were	conducted	on	red	and	purple	corn	dry	milling	
coproducts	using	the	extraction	method	described	for	total	condensed	tannins.	The	purpose	
was	to	evaluate	the	effectiveness	of	extraction.	First	extraction	produced	from	56	to	78%	of	the	
PA	from	coproducts	(Table	5).	Therefore,	two-hour	extraction	is	recommended	for	extracting	
an	average	of	90%	of	the	total	PA.	
Total	polyphenols	and	total	anthocyanins	measurements	were	conducted	to	further	
investigate	the	chemical	properties	of	purple	corn	coproducts	(Table	2).	Among	three	colored	
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corn	analyzed,	purple	corn	had	the	highest	total	polyphenol	and	total	anthocyanin	
concentrations.	It	has	been	reported	that	dark	red	corn	had	the	highest	concentration	of	total	
anthocyanins	followed	by	dark	blue,	light	blue	and	multicolored	corn	[33].		
HPLC	results	at	520	nm,	280	nm,	and	320	nm	are	presented	in	Figure	13,	Figure	14,	and	
Figure	15,	respectively,	showing	that	different	colored	corn	coproducts	contained	varying	
concentrations	of	anthocyanins	and	polyphenols.	The	profiles	of	blue,	red	and	purple	corn	dry	
milled	pericarp	and	large	grits	are	presented	as	examples.	Cyanidin-3-O-Glc	(C3G)	was	the	most	
dominant	form	of	anthocyanins	in	blue	and	purple	corn.	Red	corn	was	richer	in	pelargonidin-3-
O-Glc;	blue	corn	was	richer	in	peonidin	3-6''	O-malonylglc-;	purple	corn	was	richer	in	peonidin	
and	its	acetyl	form.	It	has	also	been	reported	that	C3G	is	the	most	dominant	form	of	
anthocyanins	in	these	corn	kernels	[33].	In	different	coproducts,	the	concentrations	of	
anthocyanins	and	other	polyphenols	varied;	however,	the	type	of	anthocyanins	and	
polyphenols	were	similar	among	the	coproducts	of	the	same	corn.		
4.4.3	Purification	and	characterization	of	proanthocyanidins	
Figure	16	presents	the	fractions	extracted	from	purple	corn	pericarp,	with	anthocyanin-rich	
fractions	A-D	and	PA-rich	fraction	E.	Fraction	A	was	mainly	Cy3-6''O-malonylglc-	and	Pn3-
6''malonylglc-.	Fractions	B,	C	and	D	contained	mainly	Cy3-6''malonylglc-,	condensed	form	and	
cyanidin-3-Glc,	respectively.	HPLC	results	at	520	nm	and	280	nm,	as	well	as	the	profile	of	
absorption	through	the	Sephadex	column	at	280	nm	are	also	presented	in	Figure	16.	The	purple	
and	red	corn	pericarp	had	similar	chromatographic	profile	while	passing	through	Sephadex	LH-
20;	however,	purple	corn	pericarp	demonstrated	higher	concentration	of	condensed	tannins.	
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Red	corn	pericarp	(Figure	17)	had	lower	anthocyanin	concentration,	especially	C3G	and	
condensed	forms,	compared	to	purple	corn.	
Purple	and	red	corn	pericarp	fraction	E	was	analyzed	using	HPLC-MSMS-ESI	to	determine	the	
degree	of	polymerization.	An	example	of	HPLC-ESI-MSMS	is	shown	in	Figure	18.	The	degree	of	
polymerization	was	estimated	based	on	the	polyphenol	database,	first	mass,	and	second	mass.	
During	HPLC-MSMS-ESI	(Table	4)	it	was	found	that	the	PA	in	purple	corn	pericarp	were	less	
polymerized	(degree	of	polymerization	<	10)	and	most	of	them	were	monomers	and	dimers.	
Red	corn	pericarp	had	fewer	polymers	compared	to	purple	corn	pericarp	as	shown	in	Figure	17	
and	Figure	22.	Thus,	the	condensed	tannins	from	red	corn	pericarp	were	less	polymerized	
compared	to	purple	corn	pericarp.	
To	further	confirm	these	results,	fraction	E	was	passed	through	a	normal	phase	HPLC.	Since	
catechin	and	procyanidin	B1	are	most	common	monomer	and	dimmers	of	PA,	they	were	used	
as	standards	[34].	Purple	corn	pericarp	fraction	E	contained	36.0%	polymeric	PA	(DP	³	10),	the	
monomer	and	dimer	concentration	was	26.6	and	23.2%,	respectively	(Figure	19).	Red	corn	
contained	fewer	polymers	(20.3%)	compared	to	purple	corn	(Figure	19).	In	comparison,	46%	of	
grape	seed	PA	are	polymeric	(DP	8+)	while	sorghum	contains	93%	polymeric	PA	[34].	Wang	et	
al.	[35]	reported	that	PA	in	cocoa	and	cranberry	had	a	degree	of	polymerization	ranging	from	1-
10.	Purified	cacao	procyanidins	were	reported	to	have	DP	from	1	to	14	[36].	Guyot	et	al.	[37]	
reported	that	cider	apple	PA	fractions	had	DP	from	2-7,	12,	15,	and	22.	PA	from	purple	corn	had	
lower	proportion	of	polymers	and	higher	proportions	of	monomers,	making	it	a	good	source	of	
PA.	
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4.4.4	Effect	of	colored	corn	extract	on	activity	of	COX-1	and	COX-2	
Cyclooxygenase	is	the	key	enzyme	which	converts	arachidonic	acid	to	prostaglandins	[38].	
COX-1	exists	in	nearly	all	tissues	and	is	required	for	functions	like	homeostatic	regulation	[38].	
COX-2	and	prostaglandins	are	considered	to	be	major	molecular	participants	in	the	
inflammation	process	[39].	The	concentration	of	prostaglandins	was	measured	to	determine	
the	effect	of	inhibitors	on	both	enzymes.	Five	fractions	of	purple	and	red	corn	pericarp	extract	
were	tested;	purple	corn	pericarp	fraction	E	exhibited	COX-2	inhibition	potential.	With	a	series	
of	different	concentrations,	1	mg/mL	of	fraction	E	exhibited	an	optimum	effect	on	inhibiting	
COX-2	(89.62%)	(Figure	20).	On	the	other	hand,	this	concentration	did	not	inhibit	the	activity	of	
the	constitutive	form	of	cyclooxygenase,	COX-1	[40].	Concentration	over	5	mg/mL	will	have	an	
inhibiting	effect	on	COX-1,	which	is	not	desirable	in	the	human	body.	Thus,	purple	corn	pericarp	
had	the	inhibiting	effect	on	COX-2	without	inhibiting	COX-1	at	1mg/mL.	
4.4.5	Effect	of	colored	corn	extract	on	activity	of	iNOS	
Nitric	oxide	is	produced	by	three	isoforms	of	NOS:	endothelial	NOS,	inducible	NOS	(iNOS),	
and	brain	NOS	(bNOS).	Selective	inhibition	of	iNOS	may	be	beneficial	for	inflammation	[41].	
Using	the	iNOS	inhibition	assay,	five	fractions	of	purple	and	red	corn	pericarp	were	tested	for	
iNOS	inhibition.	Fractions	D	and	E	demonstrated	best	inhibitory	effect	(Figure	20).	The	
inhibition	percentage	reached	66%	at	a	concentration	of	1	mg/mL;	this	was	the	highest	
concentration	tested.	Dia	et	al.	[39]	found	that	soy	compounds	could	also	inhibit	the	nitric	
oxide	pathway.	Red	corn	fractions	showed	no	inhibitory	potential.	It	was	reported	that	PA	
isolated	from	hops	at	1	and	10	µg/mL	inhibited	iNOS	activity	to	23%	and	67%,	respectively	[42].	
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It	was	reported	that	the	suppression	of	iNOS	was	one	of	the	many	anti-inflammatory	effects	of	
grape	seed	proanthocyanidins	extract	[43].	EGCG	(epigallocatechin	gallate)	may	also	reduce	NO	
by	reduction	of	iNOS	gene	expression	and	by	inhibition	of	enzyme	activity	[44].	
4.4.6	iNOS	inhibitory	kinetics	
Figure	23	shows	the	inhibitory	potential	of	C3G	and	purple	corn	fraction	D	to	inhibit	iNOS.	
The	C3G	and	fraction	D	demonstrated	increasing	inhibitory	potential	with	increasing	
concentration	from	0.1	to	1mg/mL.		The	no-inhibitor	line	indicated	the	enzyme	activity,	and	the	
inhibitor	line	presented	the	inhibition	of	the	enzyme.	With	the	substrate	level	rise	from	0.25x	to	
1.00x,	the	inhibitory	potential	increased.	Results	suggested	that	C3G	as	well	as	purple	corn	
fraction	D	were	non-competitive	inhibitors.	A	noncompetitive	inhibitor	by	definition	is	inhibitor	
binds	to	separate	site	on	enzyme	or	enzyme-substrate	complex,	meaning	decrease	in	Vmax.	and	
no	change	in	Km	(substrate	concentration	at	which	the	reaction	rate	is	half	of	Vmax).	However,	
further	studies	are	needed	to	obtain	the	values	for	Ki	(dissociation	constant)	and	Km	in	order	to	
compare	with	values	from	the	literature.		
This	research,	for	the	first	time,	demonstrated	the	type	and	concentration	of	PA	from	
purple,	red,	and	blue	corn	coproducts	from	three	different	corn	processing	methods.	Purple	
corn	had	the	highest	concentration	of	PA,	followed	by	red	and	blue	corn.	Among	purple	corn	
dry	milling	coproducts,	pericarp	had	the	highest	concentration	of	PA;	while	for	wet	milling,	
steepwater	contained	maximum	PA.	Among	three	different	processing	methods,	wet	milling	
recovered	highest	PA	from	the	whole	corn.	The	DP	of	PA	in	purple	corn	pericarp	was	lower	
compared	to	other	cereals.	With	most	of	them	being	monomers	and	dimers,	about	36%	of	PA	
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presented	DP	>	10.	Two	pathways	of	inflammation	including	COX-2	and	iNOS	were	tested,	
demonstrating	the	positive	inhibition	potential	of	purple	corn	pericarp	extract	on	iNOS	and	
COX-2.	iNOS	inhibitory	kinetics	study	suggested	that	fraction	D	from	purple	corn	pericarp	and	
C3G	acted	as	noncompetitive	inhibitors.	Gu	et	al.,	(2011)	[45]	suggested	that	proanthocyanidins	
was	a	non-competitive	inhibitor	in	inhibiting	phospholipase	A2	activity.	
4.5	Conclusions	
This	research	characterized,	for	the	first	time,	the	yield,	type	and	concentration	of	PA	found	
in	coproducts	of	purple,	red	and	blue	corn	recovered	from	wet	milling,	dry	milling	and	dry	grind	
processes.	Coproduct	concentrations	of	polyphenols	and	anthocyanins	were	also	ascertained.		
Purple	corn	had	the	highest	concentration	of	PA,	followed	by	red	and	blue	corn.	Among	purple	
corn	dry	milling	coproducts,	pericarp	had	the	highest	concentration	of	PA;	while	in	wet	milling	
process,	steepwater	contained	highest	concentration	of	PA.	Among	the	three	different	
processing	methods,	wet	milling	recovered	maximum	amount	of	PA	from	whole	corn.	The	DP	of	
PA	found	in	purple	corn	pericarp	was	lower	compared	to	other	cereals.	Monomers	and	
dimmers	were	the	most	abundant	forms	while	PA	forms	with	DP	>	10	were	36%.	Two	pathways	
of	inflammation	including	COX-2	and	iNOS	demonstrated	the	positive	inhibition	potential	of	
purple	corn	pericarp	extract	on	iNOS	and	COX-2.	iNOS	inhibitory	kinetics	study	showed	that	
fraction	D	from	purple	corn	pericarp	and	C3G	acted	as	noncompetitive	inhibitors.	This	study	has	
demonstrated	the	potential	application	of	colored	corn	as	a	source	of	natural	pigments.		
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4.7	Tables	and	figures	
Table	2.	Total	condensed	tannins,	total	polyphenols,	and	total	anthocyanins	concentration	from	purple	corn	coproducts	after	
different	processing	methods.	
Processing	
method	 Coproduct	
Total	condensed	tannins	 Total	polyphenols	 Total	anthocyanins	
mg	catechin	
equivalent/g	
dry	weight	
coproduct	
g	catechin	
equivalent/k
g	dry	weight	
corn	
mg	gallic	acid	
equivalent/g	
dry	weight	
coproduct	
g	gallic	acid	
equivalent/kg	
dry	weight	
corn	
mg	C3G	
equivalent/g	
dry	weight	
coproduct	
g	C3G	
equivalent/	kg	
dry	weight	
corn	
Dry	
milling	
Germ	 40.5	±	2.4	c	 3.1	±	0.2	f	 4.5	±	1.3	cd	 0.4	±	0.1	b	 2.8	±	0.1	bcd	 0.2	±	0.01	c	
Fines	 32.5	±	2.2	c	 9.5	±	0.6	e	 2.0	±	0.01	d	 0.6	±	0.01	b	 1.4	±	0.1	cde	 0.4	±	0.02	c	
Large	grits	 59.1	±	1.4	c	 10.5	±	0.3	e	 5.2	±	0.2	cd	 0.9	±	0.05	b	 3.3	±	0.2	bc	 0.6	±	0.1	c	
Small	grits	 134.9	±	5.8	b	 24.3	±	1.0	d	 7.2	±	1.8	c	 1.3	±	0.3	b	 5.16	±	1.3	b	 0.9	±	0.2	c	
Pericarp	 535.8	±	24.9	a	 43.5	±	2.1	c	 31.9	±	0.3	a	 2.6	±	0.02	ab	 20.0	±	0.1	a	 1.6	±	0.01	c	
Wet	
milling	
Starch	 0.8	±	0.1	c	 0.4	±	0.1	f	 1.5	±	0.1	d	 0.8	±	0.00	b	 0.03	±	0.01	e	 0.02	±	0.00	c	
Germ	 12.1	±	0.9	b	 0.7	±	0.1	f	 2.3	±	0.3	d	 0.1	±	0.01	b	 1.2	±	0.2	cde	 0.1	±	0.01	c	
Fiber	 14.9	±	1.1	b	 1.6	±	0.2	f	 3.0	±	0.2	cd	 0.3	±	0.06	b	 0.6	±	0.04	de	 0.1	±	0.01	c	
Gluten	slurry	 -	 31.3	±	1.6	c	 -	 4.4	±	0.7	ab	 -	 0.6	±	0.2	c	
Steepwater	 -	 170.3	±	4.4	a	 -	 17.7	±		9.4	a	 -	 8.6	±	3.6	a	
Dry	grind	 DDGS	 97.4	±	8.8	b	 35.1	±	2.5		c	 12.5	±	0.9	b	 4.5	±	0.3	ab	 2.9	±	0.2	bcd	 1.1	±	0.1	c	
Whole	purple	corn	 109.2	±	0.9	b	 121.9	±	1.0	b	 7.2	±	0.3	c	 6.5	±	0.3	ab	 4.6	±	0.1	b	 4.2	±	0.1	b	
Note:				Gluten	slurry	contains	filtered	gluten	slurry	and	solid	gluten;	C3G:	cyanidin-3-O-glucoside.	Different	letters	indicate	
significant	differences	among	groups	by	row	p	<	0.05.	No	extraction	was	needed	for	liquid	samples;	therefore,	it	was	shown	as	“-”	in	
the	table.	
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Table	3.	Total	condensed	tannin	concentration	from	blue	corn	and	red	corn	coproducts	
after	different	processing	methods.	
Corn	variety	 Blue	corn	 Red	corn	
Processin
g	method	 Coproduct	
mg	catechin	
equivalent/g	dry	
weight	
coproduct	
g	catechin	
equivalent/kg	
dry	weight	corn	
mg	catechin	
equivalent/g	
dry	weight	
coproduct	
g	catechin	
equivalent/kg	
dry	weight	corn	
Dry	
milling	
Germ	 7.8	±	1.0	c	 0.7	±	0.1	d	 21.8	±	3.4	b	 0.8	±	0.4	f	
Fines	 6.1	±	0.8	d	 1.4	±	0.1	c	 31.6	±	6.5	b	 5.8	±	1.0	cde	
Large	grits	 9.4	±	0.6	c	 1.7	±	0.1	b	 39.0	±	2.1	b	 8.8	±	0.8	c	
Small	grits	 15.0	±	0.9	b	 2.8	±	0.3	b	 10.9	±	0.4	b	 3.3	±	0.1	def	
Pericarp	 20.0	±	2.2	a	 1.8	±	0.2	b	 310.6	±	28.7	a	 15.8	±	0.7	b	
Wet	
milling	
Starch	 0.2	±	0.1e	 0.1	±	0.02	e	 -	 -	
Fiber	 6.0	±	1.1	d	 0.6	±	0.1	d	 7.2	±	0.4	b	 0.9	±	0.1	ef	
Germ	 8.9	±	1.1	c	 0.7	±	0.2	d	 2.9	±	0.3	b	 0.1	±	0.01	f	
Steepwater	 -	 3.0	±	0.1	b	 -	 32.9	±	2.1	a	
Gluten	
slurry	 -	 13.7	±	0.5	a	 -	 6.1	±	0.1	cd	
Dry	grind	 DDGS	 9.6	±	1.8	c	 2.9	±	0.1	b	 25.1	±	0.7	b	 9.1	±	0.4	c	
Whole	corn	 7.1	±	0.6	d	 8.5	±	0.07	a	 29.2	±	2.8	b	 33.8	±	3.2	a	
Note:	Gluten	slurry	contains	filtered	gluten	slurry	and	solid	gluten.	Different	letters	indicate	
significant	differences	among	groups	by	row.	No	extraction	was	needed	for	liquid	samples;	
therefore,	it	was	shown	as	“-”	in	the	table.	
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Table	4.	Masses	of	purple	corn	pericarp	Fraction	E	in	the	negative	mode	by	HPLC-ESI-MSMS	
RT	 [M-H]-	(m/z)	 MSMS	(m/z)	 DP	
6.10	 883(100),	441(15),	658(12),	1100(3),	1317(5)	 883:	433(100),	297(69),	287(27)	 3,	4,	5	
6.55	 463(100),	301(10),	658(9),	875(2),	1092(2),	1318(4)	 463:	301(100),	463(35),	151(9)	 2,	4	
6.85	 609(100),	300(4)	 609:	609(100),	300(55)	 1	
7.23	 463(100),	300(14),	271(3)	 463:300(100),	463(7),	271(4)	 1	
7.89	 623(100),	315(6)	 623:	315(100),	623(53)	 1,	2	
8.28	 477(100),	314(6),	591(4)	 477:	314(100),	477(71)	 1,	2	
10.33	 439(100),	273(3),	477(3)	 439:	289(100),	274(60),	134(70)		 2	
13.31	 819(100),	841(7)	 819:	175(100)		 3	
15.77	 861(100),	883(5)	 861:	175(100),	193(9)	 3	
Note.	Numbers	in	parenthesis	indicate	%	of	base	peak	ion.	
The	degree	of	polymerization	was	estimated	by	the	masses	of	first	mass	and	masses	of	
second	masses.	
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Table	5.	Effect	of	multiple	extractions	on	tannins	extracted	(%)	from	red	and	purple	corn	dry	
milling	coproducts	using	1%	HCl	in	methanol.	
 
 
 
 
 
 
 
 
 
	 	
Corn	
variety	
	Extraction	
(%)							
Coproducts							
1st	 2nd	 3rd	
Red				corn	
Pericarp	 55.62	±	4.72	 32.82	±	1.38	 11.56	±	0.72	
Small	grits	 78.16	±	8.74	 17.63	±	1.44	 4.21	±	0.31	
Large	grits	 71.10	±	1.64	 22.14	±	1.17	 6.76	±	0.45	
Fines	 75.92	±	3.65	 20.41	±	0.69	 3.67	±	0.69	
Germ	 57.01	±	2.31	 29.19	±	0.83	 13.80	±	1.97	
Whole	corn	 69.09	±	4.21	 21.82	±	0.37	 9.09	±	0.21	
Purple	
corn	
Pericarp	 70.72	±	10.18	 23.05	±	1.40	 6.22	±	0.27	
Small	grits	 90.10	±	4.66	 8.34	±	0.73	 1.55	±	0.11	
Large	grits	 87.42	±	5.29	 9.92	±	1.10	 2.66	±	0.07	
Fines	 95.84	±	2.46	 3.03	±	1.45	 1.12	±	1.22	
Germ	 82.84	±	5.05	 12.85	±	1.44	 4.31	±	0.08	
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Figure	11.	Flow	chart	of	the	analytic	strategies	used	to	evaluate	the	chemical	and	anti-
inflammatory	characteristics	of	purple,	red,	and	blue	corn	coproducts.	
Corn	varieties
Purple;	Blue; Red
Processing: wet	
milling,	dry	
milling,	dry	grind
Coproducts:	grinding,	
35-US mesh;	
extraction	with	1%	HCl	
in	methanol for	1h	at	
25	°C,	stir,	1:10	wt:v
Total	condensed	
tannins
Total	polyphenols
Total anthocyanins
Reverse	phase	
HPLC
C18 column
2% formic	acid
280	nm, 520	nm,	
320	nm
Ground	purple/red	corn	
pericarp	mesh	was extracted	
with	70%	aqueous	acetone	1h,	
at	25	°C,	stir,	1:10,	wt:v
Evaporate to	
dryness	and	
reconstitute	in	10	
mL	water
Sephadex	LH-20
flow	rate	1	mL/min
280	nm
Fractions A-D	
30%methanol
Fraction	E	70%	
acetone
Reverse phase	HPLC
C18	column
2%	formic	acid
280	nm,	520	nm
HPLC-ESI-MSMS
C18	column
negative	mode
Normal phase	HPLC
Doil-120-NP	column
acetonitrile/acetic acid
Flurescence	230	nm/321	nm
Markers	of	
inflammation
COX/iNOS
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Figure	12.	A.	Wet	milling	characteristics	of	purple,	blue,	and	red	corn.	Mean	±	SD	from	two	replicates;	B.	Dry	milling	
characteristics	of	purple,	blue,	and	red	corn.	Mean	±	SD	from	two	replicates;	C.	Dry	grind	characteristics	of	purple,	blue,	and	red	
corn.	Mean	±	SD	from	two	replicates.	Bars	with	the	same	letter	are	not	different	(p	<	0.05).	
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Figure	13.	HPLC	profile	of	coproducts	from	purple,	red	and	blue	corn	at	520	nm.	A.	Blue	
corn	dry	milling	pericarp.	B.	Blue	corn	dry	milling	large	grits.	C.	Purple	corn	dry	milling	pericarp.	
D.	Purple	corn	dry	milling	large	grits.	E.	Red	corn	dry	milling	pericarp.	F.	Red	corn	dry	milling	
large	grits.	Note:	1.	Condensed	form;	2.	Cyanidin-3-O-Glc;	3.	Pelargonidin-3-	O-Glc;	4.	Peonidin-
3-	O-Glc;	5.	Cy3-6''	O-malonylglc-;	6.	Pg3-6''	O-malonylglc-;	7.	Pn3-6''	O-malonylglc-.	
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Figure	14.	HPLC	profile	of	coproducts	extracted	from	purple,	red	and	blue	corn	at	280	nm.	
A.	Blue	corn	dry	milling	pericarp.	B.	Blue	corn	dry	milling	large	grits.	C.	Purple	corn	dry	milling	
pericarp.	D.	Purple	corn	dry	milling	large	grits.	E.	Red	corn	dry	milling	pericarp.	F.	Red	corn	dry	
milling	large	grits. 	  
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Figure	15.	HPLC	profile	of	coproducts	extracted	from	purple,	red	and	blue	corn	at	320	nm.	A.	
Blue	corn	dry	milling	pericarp.	B.	Blue	corn	dry	milling	large	grits.	C.	Purple	corn	dry	milling	
pericarp.	D.	Purple	corn	dry	milling	large	grits.	E.	Red	corn	dry	milling	pericarp.	F.	Red	corn	dry	
milling	large	grits	
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Figure	16.	Purple	corn	pericarp	separation	of	phenolic	compounds	using	Sephadex	LH-20	at	280	nm.	Fractions	A,	B,	C,	D,	and	E	HPLC	
at	280	nm	(total	polyphenols)	and	520	nm	(total	anthocyanins)	are	shown	as	inserts.	Also,	inserts	before	Sephadex	LH-20	separation	
of	purple	corn	pericarp	extracts	are	shown.	
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Figure	17.	Red	corn	pericarp	separation	using	Sephadex	LH-20	at	280	nm.	Fractions	A,	B,	C,	D,	and	E	HPLC	at	280	nm	(total	
polyphenols)	and	520	nm	(total	anthocyanins)	are	shown	as	inserts.	Also,	inserts	before	Sephadex	LH-20	separation	of	red	corn	
pericarp	extracts	are	shown.	
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Figure	18.			An	example	of	HPLC-ESI-MSMS	of	purple	corn	pericarp	fraction	E	at	280	nm,	
negative	mode	
MS(6.551) MSMS(6.551)
	65	
	
 
Figure	19.		HPLC	normal	phase	with	fluorescence	detector	at	321	nm/230	nm	of	purple	and	
red	corn	pericarp	fraction	E.	
	66	
	
Figure	20.	COX	and	NOS	inhibition	potential	of	purple	corn	pericarp	fractions.	(A)	COX-1	and	COX-2	Inhibition	percentage	of	
purple	corn	pericarp	fraction	E;	(B)	NOS	Inhibition	percentage	of	purple	corn	pericarp	fractions	D	&E.	
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Figure	21.	Percentage	of	PA	from	purple	corn	dry	milling	coproducts	using	vanillin	assay	and	
pH	differential	method	
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Figure	22.	HPLC-ESI-MSMS	of	red	corn	pericarp	fraction	E	at	280	nm.	
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Figure	23.	Kinetics	study	of	iNOS.	(A)	1/v-1/substrate	of	C3G	(B)	1/v-1/substrate	of	purple	
corn	pericarp	fraction	D.	
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CHAPTER	5:	CONCLUSIONS	
• Among	the	three	varieties	of	colored	corn	tested,	purple	corn	had	the	highest	
concentration	of	proanthocyanidins	followed	by	red	and	blue	corn.	
• In	the	dry	milling	process,	dry	milling	pericarp	had	the	highest	concentration	of	
proanthocyanidins.	
• In	the	wet	milling	process,	steepwater	contained	the	highest	concentration	of	PA		
• Wet	milling	recovered	maximum	amount	of	PA	from	whole	corn,	compared	with	dry	
milling	and	dry	grind.	
• The	degree	of	polymerization	of	proanthocyanidins	in	purple	corn	pericarp	was	lower	
compared	to	other	cereals.	
• Biochemical	studies	showed	that	proanthocyanidins	from	purple	and	red	corn	pericarp	
demonstrated	anti-inflammatory	potential.	They	inhibited	both	inducible	nitric	oxide	synthase	
and	cyclooxygenase-2.	
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CHAPTER	6:	INTEGRATION	AND	FUTURE	WORK	
In	summary,	for	the	first	time,	this	study	demonstrated	the	composition	of	PA	from	colored	
corn	coproducts	from	dry	milling,	wet	milling,	and	dry	grind,	and	the	anti-inflammatory	effect	
from	purple	and	red	corn	pericarp.	Various	experimental	methods	were	conducted	to	validate	
the	hypothesis	that	processing	methods	have	an	effect	on	the	concentration	and	type	of	
proanthocyanidins	from	colored	corn	and	affect	biochemical	markers	of	inflammation.	
Purple	corn	had	the	highest	concentration	of	PA,	followed	by	red	and	blue	corn.	Among	
purple	corn	dry	milling	coproducts,	the	pericarp	had	the	highest	concentration	of	PA;	while	for	
wet	milling,	the	steepwater	had	the	highest	concentration.	Among	three	different	processing	
methods,	wet	milling	recovered	most	PA	from	the	whole	corn.	The	DP	of	PA	in	purple	corn	
pericarp	was	lower	in	comparison	with	other	cereals.	With	most	of	them	being	monomers	and	
dimers,	about	36%	of	PA	presented	DP	>	10.	Two	pathways	of	inflammation	including	COX-2	
and	iNOS	were	tested,	showing	the	positive	inhibition	potential	of	purple	corn	pericarp	extract	
on	iNOS	and	COX-2.	iNOS	inhibitory	kinetics	study	showed	that	fraction	D	from	purple	corn	
pericarp	and	C3G	acted	as	noncompetitive	inhibitors.	
This	study	mainly	focused	on	the	chemical	characterization	and	anti-inflammatory	potential	
of	proanthocyanidins	extracted	from	purple,	blue,	and	red	corn	coproducts	after	dry	milling,	
wet	milling,	and	dry	grind.	The	biochemical	study	included	the	analyses	with	cyclooxygenase	
and	nitric	oxide	synthase	using	enzyme	inhibitors.	Future	direction	of	further	investigation	
could	include	the	in	vitro	study	with	cell	lines,	and	in	vivo	study	with	mouse	model	and	human	
intervention	study.	
	72	
	
APPENDIX	A	ABBREVIATIONS	
ACN	 Acetonitrile	
COX	 Cyclooxygenase	
C3G	 Cyanidin	3-O-glucoside	
DDGS	 Dried	distillers	grain	with	solubles	
DI	water	 Deionized	water	
DP	 Degree	of	polymerization	
HILIC	 Hydrophilic	interaction	chromatography	
NOS	 Nitric	oxide	synthase	
PA	 Proanthocyanidins	
TP	 Total	polyphenols	
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APPENDIX	B	ADDITIONAL	HPLC	
Additional	HPLC	figures	of	colored	corn	coproducts	
	
(a) Red	corn	germ	at	520	nm																																		(b)	Red	corn	germ	at	280	nm	
	
								(c)	Red	corn	small	grits	at	520	nm																							(d)	Red	corn	small	grits	at	280	nm	
	
	
	
	
	
	
	
	
	
	
	
	
	
(e)	Red	corn	fines	at	520	nm																																	(f)	Red	corn	fines	at	280	nm	
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APPENDIX	B	CONTINUED	
	
									(f)	Blue	corn	germ	at	520	nm																													(g)	Blue	corn	germ	at	280	nm	
	
	
	
	
						(h)	Blue	corn	small	grits	at	520	nm																							(i)	Blue	corn	small	grits	at	280	nm	
	
						(j)	Blue	corn	gluten	at	520	nm																														(k)	Blue	corn	gluten	at	280	nm	
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APPENDIX	C	ADDITIONAL	ENZYME	INHIBITORY	RESULTS	
Additional	figures	of	iNOS	inhibition	
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APPENDIX	C	CONTINUED	
Additional	figures	of	iNOS	kinetics	study	
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